Air staging is a well-known effective method to control NOx emissions from solid fuel combustion 9 boilers. However, further research is still needed to clarify the effect of air staging at different injection 10 locations on the gaseous emissions of Fluidised Bed Combustion (FBC) boilers that fire 100% biomass 11 fuels, particularly non-woody biomass fuels. The main objective of this work is to investigate the effect 12 of the staging air injection location on the gaseous emissions (NOx and CO) and temperature profiles 13 of a 20 kWth bubbling fluidised bed combustor firing three non-woody (straw, miscanthus and peanuts) 14 and two woody biomass fuels. The experimental results showed that injecting the secondary air at the 15 higher location could lead to a greater NOx reduction due to the fact that the biomass combustion 16 reaction mainly took place in the splash zone and/or beginning of the freeboard. Up to 30% of NOx 17 reduction, compared with no air staging, was achieved for the non-woody fuels when the staging air 18 was injected at the higher position. Air staging also significantly reduced the CO emissions as a result 19 of the higher temperatures in the freeboard and longer residence time in the dense bed. 20 21
Introduction

26
The UK government recently announced its intention to close all of the UK's coal-fired power plants 27 within 10 years [1] . According to this, more electricity will be expected to be generated from natural 28 gas in tandem with nuclear and renewables. As a renewable and carbon-neutral source of energy, 29 biomass can play an important role in CO2 emissions mitigation and be an alternative to the carbon-30 intensive and 'dirty' fossil fuel, coal, for power generation. In recent years, woody biomass has been 31 widely used as a fuel in the energy sector [2] [3] [4] . For example, 70% of the electricity generated by the 32 UK Drax Power Station which is responsible for generating 7% of the UK electricity, is produced by 33 use of compressed wood pellets [4] . However, increasing demand for woody biomass from the energy 34 sector, sawmills as well as pulp and paper industries, results in an increase in the price of wood [5] . 35 Limited and more expensive wood fuel supplies are forcing the energy sector to consider the utilisation 36 of low-quality woody materials and non-woody biomass, such as agricultural crops and agricultural and 37 forest residues. 38
39
The specific properties of biomass materials (e.g. low energy density, low ash melting point, varying 40 moisture content) can pose many operational challenges to biomass combustion boilers. Fluidised bed 41 combustion (FBC) boilers have been increasingly used to burn difficult to use fuels such as biomass 42 waste materials over the past decades. In a FBC boiler, the fuels are burned in a turbulent bed of an 43 inert solid bed material, thus ensuring high heat transfer rates, excellent gas-solid mixing and good 44 combustion efficiency, at typical combustion temperatures of 800-900 ºC. Although the NOx (NO and 45 NO2) emissions from FBC boilers are considerably lower than those of pulverised fuel (PF) combustion 46 boilers, largely due to their combustion temperature (800-900 ºC) being much lower than the typical 47 The experimental system, shown in Fig. 1 , mainly includes a bubbling fluidised bed (BFB) combustor 136 (20 kWth) and the auxiliary systems for air supply, biomass feeding, and gas analysis. The combustor 137 inside the bed allows the bed temperature to be controlled by means of the extraction of heat from the 140 combustor. This probe can be moved vertically along the reactor to change the contact surface inside 141 the reactor to prevent the bed from reaching very high temperature values and thus avoid agglomeration 142 and defluidisation of the bed particles. The cooling water flow rate of the probe can be adjusted to 143 control the heat extraction and hence the combustion temperature inside the reactor. 144
145
The combustion and fluidisation air is supplied from a blower with the flow rate controlled by means 146 of a ball valve and monitored by a rota meter. The air is fed into the combustor through a porous stainless 147 gas distribution plate with 100 m pore size and 12 mm thickness. An electric air pre-heater before the 148 plenum and two electric half-cylindrical ceramic radiant heaters surrounding the main bed area are used 149 to preheat the combustion/fluidisation air during the start-up of the combustor. The biomass pellets are 150 fed to the combustor at the location just above the distributor plate by means of a screw feeder. To 151 ensure the fuel feed rate controllable and repeatable, the feeder motor frequency is controlled by an 152 inverter. A small proportion of air is also fed through the biomass feeder hopper to prevent backfire and 153 to stop the sand particles coming into the fuel feeding pipe. 154
155
Under the air staging conditions, the secondary air supplied by an air compressor and controlled by a 156 mass flow controller can be introduced to the combustor at two different locations: either at 70 cm or 157 110 cm above the distribution plate. The flue gas stream leaving the combustor passes through a high 158 efficiency cyclone to recover the elutriated solids and ash and then is exhausted through the ventilation 159 system. The gas composition at the exit of the combustor is continuously analysed by on-line gas 160 analysers after going through the sampling line of a sampling pump, water condensation traps and 161 particle filters. O2, CO2 and CO concentrations are measured by an Easy line continuous gas analyser 162 (ABB, EL3020) which can also measure nitric oxide (NO), while the NOx concentration is measured 163 by a chemiluminescent NOx analyser (Horiba VA-3000). The analysers were frequently calibrated with9 the certified calibration gases supplied by BOC of the Linde Group in order to minimise instrumental 165 errors. The combustor is equipped with pressure tapings and sheathed K-type thermocouples at different 166 heights. A data taker system connected with a computer is used to continuously record all of the 167 measured process data (pressure differentials, temperatures, gas composition, etc.). Both the pressure 168 differential across the dense bed and the temperatures along the reactor are closely monitored during 169 each test so that any signs of agglomeration, defluidisation or extremely high temperature can be spotted 170 at the earliest opportunity. Previous research [30] has reported that sudden changes in the pressure 171 differential across the bed and temperatures during operation may mean defluidisation. However, it is 172 worth mentioning that the focus of the present work was on the gaseous emissions and temperature 173 profiles but not on the agglomeration phenomenon and mechanisms. Therefore, in order to avoid 174 agglomeration, almost all of the tests reported in the present study were carried out at relatively low bed 175 temperatures (700-820 °C), except when firing industrial wood at low excess air levels, where a bed 176 temperature of 850 °C was reached due to the higher calorific value of this fuel ( Table 1. ) and the use 177 of a low cooling water flow rate at 1 L/min (Table 3) . As a consequence of low combustion temperatures 178 being maintained with the tests, no signs of agglomeration and/or defluidisation were detected during 179 the whole operation period of this study, which included the testing of all 5 biomass fuels under all 180 different operational conditions with the total accumulated operational time of more than 100 hours. In 181 addition, no agglomerates were found in bed materials after careful post-combustion inspection of the 182 bed materials with each biomass fuel. 183 184
Experimental procedure and conditions
185
The operating conditions for all tests are summarised in Table 3 . Before each set of tests, the bed was 186 filled with 3.2 kg of Garside sand, which means a bed height of about 25 cm. As an example, Fig. 2  187 shows the temperature profiles, measured at different heights of the bed and freeboard, the differential 188 pressure drop in the bed and the gas composition at the outlet of the combustor obtained with a typical 189 experiment. Initially, the bed was heated up with the main ceramic heaters installed along the walls of 190 the main bed area. Hot air was then introduced through the pre-heater to stir and fluidise the bed 191 particles. Once the bed temperature (thermocouple point T-2 at Fig. 1 ) reached the required fuel ignition 192 temperature (> ca. 500 °C), the biomass feeding was started and the bed temperature rose abruptly due 193 to the biomass combustion. Once proper biomass combustion was established, the main electric heaters 194 and the preheater were switched off, and the cooling probe was introduced into the combustor to control 195 the bed temperature. As a result of the heat extraction with the cooling probe from the combustor, the 196 measured gas temperatures inside the combustor were seen to be slightly decreasing until reaching 197 steady values. All of the results reported in this paper were those obtained with the continuously feeding 198 BFB combustor operating under steady state conditions. The gas composition at the outlet of the 199 combustor and the temperature profiles along the combustor were uniform during each formal test 200 period under every condition studied and this was the case for all of the five biomass fuels studied, with 201 and without air staging. To analyse the effect of excess air on the flue gas emissions, the experiments were carried out by varying 222 the fuel feeding rate and maintaining a constant total air flow rate at 350 L/min. When the fuel feeding 223 rate was varied, the temperatures along the reactor and freeboard were varied simultaneously as the 224 water flow rate and position of the heat extraction probe remained unchanged. To investigate the effect 225 of the air staging, part of the total air flow rate (50 L/min) was diverted to one of the two air staging 226 injection pipes, while the total air flow rate was fixed at the constant value of 350 L/min. In order to 227 study how the air staging injection location effects to the gas compositions, the secondary air was 228 and the gas composition at the outlet of the reactor burning miscanthus pellets under WAS conditions. 237
As it can be seen from the figure, temperatures along the combustor and the CO2 concentration at the 238 outlet of the reactor decrease with the excess air level. As explained in the experimental procedure and 239 conditions section (2.3), during the experiments the total air flow rate was maintained constant, and the 240 stoichiometry or the excess air level was modified by changing the biomass feed rate, and therefore a 241 higher excess air level was achieved with a lower biomass feed rate. A lower biomass feed rate had led 242 to a less amount of heat released and less amount of CO2 generated in the combustor. An increase in 243 the excess air also led to a decrease in the CO concentration at the outlet due to the better combustion 244 efficiency achieved. An increase in the excess of air resulted in an increase in the NOx concentration at 245 the outlet as a result of the higher oxygen concentration in the combustor: a higher oxygen concentration 246 favours the formation of NOx in the dense bed due to the enhanced combustion of the volatile matter 247 for the five fuels used in this study, without using air staging, whereas Fig. 3b shows the fuel-N content 262 of the five fuels listed in Table 1 . The results shown in Fig. 3 clearly indicate that the higher the nitrogen 263 content, the higher the NOx emissions at the outlet of the reactor, and this agrees with the expectation 264 that the majority of the NOx are originated from the fuel-N. Prompt-NOx and thermal-NOx weren't 265 expected to be of importance due to the relatively low combustion temperatures reached at the reactor 266 (as seen in Table 3 4 shows the temperature profiles along the reactor/freeboard for all of the tested biomass fuels at 286 two overall excess air levels (10% and 50%) and operating under WAS, AS1 and AS2 conditions. The 287 heights of the two air staging injection points studied, AS1 and AS2 are indicated in each graph in Fig.  288 4. As expected, working under WAS conditions, the maximum temperature is reached at the splash 289 zone and/or beginning of the freeboard, above the dense bed. The temperature peak observed at these 290 regions is attributed to the characteristic high volatile matter content of biomass fuels and to its release 291 and combustion mostly in the splash zone and freeboard, instead of inside the dense bed as observed in 292 particles at the bed surface during devolatilisation has been well documented [38, 39] , and is believed 297 to be related with the lift effect that the volatile bubbles can exert on fuel particles. After the temperature 298 peak, a remarkable temperature decrease in the freeboard above 1.00 m is observed, due to the fact that 299 heat extracted by the water cooling probe from the upper part of the freeboard is much higher than the 300 heat released from the combustion of any unburned fuels within the freeboard. 301
302
As it can also be observed from Fig. 4 , straw combustion gives a much different temperature profile 303 from any other fuels studied, i.e. much higher temperatures in the splash region in comparison to the 304 bed region. As the volatile matter content is similar for all the fuels (Table 1 ), the differences in the 305 temperature profiles between the straw and the rest of the fuels could be partly due to the difference in 306 the content of fines in the fuels. Straw pellets have a higher fraction of fines than any other pellet fuels 307 used in this study. A higher level of fines implies that a larger fraction of the straw fuel is expected to 308 be burned in the splash zone/freeboard region instead of the dense bed of the reactor and hence leads to 309 a higher temperature difference between the splash region and the bed in comparison to the other fuels. 310
Because of this, the D-shape of the temperature profile along the reactor is more pronounced in the case 311 of straw. 312 313 Also shown in Fig. 4 , using air staging (AS1 or AS2) when operating with the overall excess air level 314 at 10%, there was a significant increase in the temperatures in the splash region and freeboard in almost 315 all the cases (see the shaded areas in Fig. 4 ) compared with those under WAS conditions. This increase 316 in temperatures suggests there is a significant amount of unburned gases and volatile matter in the splash 317 zone and freeboard, as a result of sub-stoichiometric combustion conditions in the dense bed region, 318 and further combustion of the unburned fuels in the splash zone and freeboard after the injection of the 319 secondary air. On the other hand, when air staging is operated under the condition of 50% overall excess 320 air, similar or lower temperatures than those measured under WAS conditions were observed along the 321 reactor/freeboard for all fuels: a higher overall excess air level implies a higher combustion efficiency 322 can be achieved at the lower part of the reactor (in the dense bed region, especially) and therefore much 323 less unburned gases and volatile matter reach the splash zone and freeboard. The results in Fig. 4 also  324 show that in many cases there is a temporary decrease in the temperature immediately after the injection 325 of the secondary air. This happens because the secondary air is not preheated and hence at a temperature 326 much lower than the primary combustion gas temperature before entering the combustor. The temporary 327 decrease is more pronounced when the secondary air is injected at AS1 as there is a thermocouple near 328 to this injection point. point (AS1) led to a decrease in the NOx emissions when the peanut shell pellets or the miscanthus 353 pellets were used as the fuel; whereas for other fuels, air staging at AS1 did not lead to a decrease but a 354 small increase in the NOx emissions. On the contrary, a significant decrease in the NOx emissions was 355 achieved with almost all of the fuels (except when using domestic wood) when the secondary air was 356 injected at the higher point (AS2). As it has been shown in Section 3.3, the temperature profiles obtained 357 with all the fuels suggest that the main combustion reaction (and therefore the formation of NOx) takes 358 place in the splash zone and/or beginning of the freeboard due to the characteristic high volatile matter 359 content of biomass fuels, which implies a larger contribution (2) As a consequence of the high volatile matter content of the biomass fuels, the maximum 495 temperatures were reached above the dense bed in the splash region and/or at the beginning of 496 the freeboard, which suggests that the main combustion reaction takes place in this part of the 497 combustor. Air staging leads to higher temperatures in the splash region and freeboard, 498 especially at low excess air levels, as a result of additional combustion in the freeboard under 499 air staging conditions. 500 (3) Air staging can be very effective in reducing NOx emissions (up to 30%) for non-woody 501 biomass fuels which usually have relatively high fuel-N content, especially if the secondary air 502 is injected at the higher level of the BFB combustor and the BFB combustor is operated with a 503 low overall excess air level. 504 (4) The use of air staging, with the secondary air injected at any of two positions, also leads to 505 lower CO emissions and this is due to the higher gas temperatures in the splash region and 506 freeboard as well as the longer residence time of fuel particles in the dense bed region. 507 (5) However, the use of air staging leads to an increase in the unburned carbon content in the fly 508 ash, resulting in additional efficiency loss. 509
27
The present work helps to better understand the combustion and emissions of biomass fuels in BFB 510 combustors, in particular, non-woody biomasses which have great potential as cheap alternatives to 511 high-quality woody biomass for energy supplies and power generation in the future. 
